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INTRODUCTION
Enterococci, typically <0.1% of the core gut microbiota of humans (Schloissnig et al., 2013) , emerged from that vast diversity to become leading multidrug resistant, hospital-adapted pathogens (Van Tyne and Gilmore, 2014) . This happened twice-multidrug resistant (MDR), pathogenic lineages of both Enterococcus faecalis, and distantly related E. faecium have emerged. Enterococci serve as collection and distribution points for mobile elements, transmitting a variety of antibiotic resistances to both gram-positive and gram-negative species (Courvalin, 1994) including the transmission of vancomycin resistance to methicillin-resistant strains of Staphylococcus aureus (Weigel et al., 2003) .
Most MDR enterococci belong to highly hospital-adapted lineages (Lebreton et al., 2013a; Raven et al., 2016) . MDR enterococci differ from commensals in lacking CRISPR defenses (Palmer and Gilmore, 2010) and possess genomes that are often >25% larger than commensals through accretion of mobile elements-phages, pathogenicity islands, and resistance genes (Shankar et al., 2002; Paulsen et al., 2003) . Resistant strains are transmitted through cycles of: (1) low level oral acquisition from the contaminated hospital environment, (2) survival of transit through the digestive tract, (3) establishment and expansion in the antibiotic perturbed colon (leading to recontamination of the hospital environment), and (4) translocation into the bloodstream (or less direct infection of the urinary tract or surgical sites) (Gilmore et al., 2013) . Properties that underlie the emergence of enterococci as hospital pathogens include environmental persistence and resistance to disinfection protocols, efficient colonization of a new host, and the intrinsic ability to broadly withstand antimicrobials that eliminate gut competitors. In the antibiotic-treated colon, intrinsic resistance concentrates enterococci with overtly resistant microbes harboring mobile elements, which they readily acquire and further transmit. Infection depends on the strain's ability to invade and evade host defenses (Van Tyne and Gilmore, 2014; Arias and Murray, 2012) . The challenge in therapeutically resolving infection derives from intrinsic and acquired antibiotic resistance. This raises fundamental questions. Do all enterococcal species possess such attributes? What genes were gained since divergence from ancestral microbes that endow them with environmental persistence and tolerance to disinfection? Because enterococci are widespread in nature and colonize the gastrointestinal tracts of most land animals, including insects and invertebrates (Mundt, 1963; Martin and Mundt, 1972; Van Tyne and Gilmore, 2014) , what events selected for the emergence of this genus and diversification within it?
To answer these questions, we selected 24 enterococcal species representing all major phylogenetic branches (Van Tyne and Gilmore, 2014) ( Figure S1 ). We determined and compared genotype to phenotype and where possible, host association. We further compared traits found in all enterococci to those in commensal and multidrug resistant enterococci most commonly associated with humans. The data collectively indicate that traits that now facilitate enterococcal survival and transmission in hospitals were of selective advantage early in the Paleozoic Era and support a model for the origin of the enterococci around the time of terrestrialization of their animal hosts.
RESULTS

Phylogeny of Enterococci and Host Association
An existing Enterococcus 16S rDNA-based phylogeny was used to select representative species for comparative genome analysis. The genomes of 24 species spanning the diversity of the genus ( Figure S1 ) were sequenced and compared to those of five closely related species: Melissococcus plutonius (Cai and Collins, 1994) , Tetragenococcus halophilus (Collins et al., 1990) , Vagococcus lutrae (Collins et al., 1989) , Carnobacterium maltaromaticum (Collins et al., 1987) , and Lactococcus garviae (Wallbanks et al., 1990) . Very high quality draft genome sequences (2-13 contigs) were generated from hybrid assemblies of paired end reads of fragment (180 bp) and mate-pair (mean 2.8 kb) libraries (Illumina), which were then connected by long sequence reads (mean 1.1 kb, PacBio) (Table S1 ). Previously sequenced genomes of E. faecalis and E. faecium associated with multidrug resistant hospital infection were included in the comparison (Bourgogne et al., 2008; Lam et al., 2012; Lebreton et al., 2013a; Palmer et al., 2012; Paulsen et al., 2003; Sahm et al., 1989) .
Enterococcal genome sizes span a surprisingly wide rangefrom 2.3 Mb (E. sulfureus) to 5.4 Mb (E. pallens) ( Figure 1A ; Table  S1 ). Enterococcal and outgroup genomes share 526 single copy orthologous genes in common ( Figure S2A ), from which a SNPbased phylogeny (Stamatakis, 2006) was constructed (Figure 1B) . Four main lineages are evident and supported by Bayesian analysis of population structure (BAPS) (Cheng et al., 2013) clustering (Table S1 ). Compared to the mean (3.2 Mb), E. pallens and E. columbae groups possess significantly larger (mean 4.6 Mb, p < 0.01) or smaller (mean 2.7 Mb, p < 0.01) genomes, respectively. As expected, L. garviae, C. maltaromaticum, and Vagococcus lutrae connect outside of the Enterococcus genus, however, M. plutonius and T. halophilus are solidly embedded within it ( Figure 1B) . Therefore, for subsequent analyses, the latter were included as enterococci.
Pioneering work in the 60's and 70's by Mundt (1963) and Martin and Mundt (1972) found a wide distribution of enterococci in land animals-birds, insects, mammals, and reptiles. To gain additional insight into host association, we examined the literature for other individual reports of enterococci within a host and performed a quantitative term analysis of PubMed and Web of Science (Table S2 ). Host tropisms were operationally defined when two or more publications reported a given host association. Assuming similar reporting biases for all microbes queried, enterococci were reported mainly in association with land animals (97% of reports), whereas outgroup species of Vagococcus and Carnobacterium were mainly reported in association with aquatic animals (87% of reports) (Table S2) . Others previously noted the association of ancestral microbes, vagococci, and carnobacteria with marine life (compiled by Buller, 2014) : vagococcal species occur in European seabream and river water, otter, shrimp, trout, and Atlantic salmon (and animals that consume them including seals and porpoises) (compiled in Buller, 2014) , and Carnobacterium species are found in various fish, including trout, salmon, wild bass, and catfish (compiled in Buller, 2014) . E. faecalis is most ubiquitously reported. Enterococcal species reported in insects are often found in the gastrointestinal (GI) tracts of other animals up the food chain ( Figure 1B) . M. plutonius is reported mainly in bees, where it causes European foulbrood (Bailey, 1983) . Two closely related species, E. cecorum and E. columbae, appear to have a strong tropism for birds, with the latter occurring only in birds of the Columbidae family (Baele et al., 2002) .
To substantiate the apparent occurrence of enterococci mainly in land animals and ancestral vagococci in aquatic life, we quantified enterococcal or vagococcal 16S rDNA within reported gut metagenomes of land and marine animals. Enterococcal 16S DNA is highly enriched in metagenomes from land animals (Fisher's exact test, p < 10 À51 ), and vagococcal sequences are highly enriched in marine life (p < 10
À21
), independently supporting inferences from the literature ( Figure 1C ; Table S3 ).
Genes and Traits that Distinguish Enterococci from Other Microbes
Although the Enterococcus pan-genome is large ( Figures S2A  and S2B ), a core of 1,037 genes occurs in >90% (allowing for genes missed by sequence gaps) of enterococcal species (including M. plutonius and T. halophilus) ( Table S4 , tab 1). Of this 1,037 core gene set, it was of interest to determine whether any were unique among eubacteria. To identify possibly unique genes, we compared the core set of 1,037 enterococcal genes to 100 genomes from representative branches of the eubacterial domain (Table S4 , tab 2). Candidate genes absent from those genomes, and hence potentially unique to enterococci, were further interrogated for novelty by BLASTn and BLASTx (Altschul et al., 1990) comparison to the National Center for Biotechnology Information (NCBI) non-redundant database. Genes lacking identifiable homologs elsewhere (>60% amino acid identity over >40% of gene product length), were defined as Enterococcus-unique. This identified a set of ten unique genes (Figure 2A ; Table S4 , tab 1)-seven lacking any associable function. These ten Enterococcus-unique genes do not spatially cluster on the chromosome.
Unique properties that distinguish enterococci from other microbes may also stem from combinations of unusual genes (B) Phylogenomic tree of Enterococcus and outgroup species (gray) based on alignment of 526 single copy core genes. Species groups: E. faecalis group (blue), E. columbae group (green), E. pallens group (red), and E. faecium group (yellow). Each node is assigned a unique numeric identifier. Icons represent host associations inferred from both qualitative and quantitative (Table S2) analyses of the literature. (C) Prevalence of Enterococcus and Vagococcus in the GI tract of land (n = 492) or aquatic hosts (n = 1,300) isolated from the wild. Presence or absence was determined by 16S rDNA analysis of microbiome samples available in public databases (Table S3 ). Mean and SEM are indicated. Statistical significance was evaluated by Fisher's exact test. See also Figure S1 and Tables S1 and S6. that are not necessarily unique. We therefore categorized the remaining Enterococcus core genes by rarity of occurrence in the 100-comparator eubacterial genome set (Table S4 , tabs 1 and 2). The rarest quintile (those occurring in 1%-20% of other genera), consisted of 243 core genes that exist mainly in ancestral species and related Firmicutes that live in the digestive tracts of animals ( Figure 2B ). Most (68%; Figure S2C ) are of unknown function but presumably relate to the success of these grampositive species in mixed GI tract communities.
We next identified those core genes and phenotypes that specifically distinguish enterococci from ancestral lineages. V. lutrae LBD1 (isolated from the GI tract of a wild caught largemouth Table S4 , tab 2), in quintiles. (B) Genera of microbes harboring genes seldom found outside of enterococci (first quintile 1-20 genera) ranked by the number of first quintile genes shared. (C) Top: Venn diagram showing shared and unique genes in Enterococcus core genome and Vagococcus lutrae LBD1. Bottom: diagram highlighting role of functional groups of Enterococcus core genes not occurring in Vagococcus: de novo purine biosynthesis potentially feeding into stress response (12 genes displayed with red arrows, p < 0.0001), cell wall biosynthesis and modification (15 genes, p = 0.0002), and stress response (3 genes). PRPP, phosphoribose pyrophosphate; GAR, glycinamide ribonucleotide; CAIR, carboxyaminoimidazole ribonucleotide; IMP, inosine monophosphate; AMP, adenosine monophosphate. (D) Heatmap showing significant differences in average growth (at least 2-fold greater average growth, p < 0.01) between enterococcal and outgroup species in Biolog phenotype screen.
a Compounds showing a similar pattern when tested in multiple concentrations.
(E) Survival to desiccation and starvation by Enterococcus spp. (Ent. spp) compared to outgroup strains V. lutrae LBD1, V. fluvialis DIV0098, C. maltaromaticum ATCC35586, L. garviae NCIMB31208 and DIV0709 (Out.). Boxplots drawn using the average survival value from three independent experiments for each strain. Boxplots show the median, first, and third quartiles and min/max values. Colored data points show the mean values for strains from selected enterococcal phylogenetic groups ( Figure 1A ). See also Figure S2 and Table S5. bass) (Lebreton et al., 2013b) , lacks only 126 of the 1,037 core enterococcal genes ( Figure 2C , Table S4 , tab 3). Importantly, the 126 genes gained by enterococci since divergence from its last common ancestor with V. lutrae, are significantly enriched in cell wall modification (p < 0.001) and de novo purine biosynthesis (p < 0.001), functions related to stress response (Jordan et al., 2008; Gaca et al., 2012) . This implies that survival in a fundamentally different environment, requiring cell wall alterations and potentially prone to environmental stress, selected for the emergence of the Enterococcus genus from the ancestor shared with Vagococcus.
To identify phenotypes that distinguish enterococci from ancestral lineages, growth of all enterococci and outgroup members was assessed under 1,344 individual growth conditions (Biolog) ( Figure S2E ). Enterococci as a group displayed at least 2-fold greater growth (p < 0.01) than the mean for outgroup members under 45 of the conditions tested ( Figure S2E ; Table  S5 ). Most of the 45 distinguishing phenotypes related to increased tolerance to harsh conditions: hydrogen-and ionicbond solvents, detergents, antibiotics, and other biocides ( Figure 2D ). Interestingly, V. lutrae, but not Carnobacterium maltaromaticum, resists sodium azide, comparable to enterococci, and in fact grows on enterococcal selective media (bile esculin azide agar) (Isenberg et al., 1970) (Figures S2F and S2G) . Two phylogenetically distant species, E. columbae and E. saccharolyticus, appear to have subsequently lost sodium azide resistance ( Figure S2G ), raising the possibility that additional enterococcal species may be missed when using bile esculin azide agar for isolation.
All tested enterococci have global resistance to environmental stresses similar to those that now occur in modern hospitals, including to b-lactam antibiotics as well as disinfectants (Figure 2D) , prompting us to test enterococci and outgroups for survival to desiccation and starvation, conditions occurring in the hospital infection cycle. Enterococci were found more tolerant than the outgroup to both conditions (p < 0.05; Figure 2E ): Both E. faecalis strains exhibited the greatest resistance to desiccation (p = 0.031). E. faecium desiccation resistance was more typical of the level intrinsic to the enterococci, but species of the E. faecium group were found to be the most starvation tolerant (p = 0.017). In contrast, the E. pallens group, with large genomes, showed the least tolerance for desiccation or starvation suggesting that they may derive from hosts that inhabit ecologies where regular desiccation and starvation are less selective, such as wet coastal margins.
Energy Source Drives Enterococcal Speciation
To infer changes in the host gut environment that may have driven the diversification of enterococci into various species, we performed a flux analysis (Swofford, 2001) of genes gained and lost at each node of speciation ( Figure 3A ). Diversification at each node is associated with an average gain of 618 (±304) and loss of 135 (±103) genes, with notable exceptions. The large genome E. pallens group was precipitated by an initial gain of 1,157 genes at node 18, followed by successive large gains at nodes 19 (410 genes) and 20 (408 genes). Large gains also occurred at the leaves, which are inflated by phages, mobile elements, and other strain-specific determinants. For example, 1,775 new genes were acquired by the E. pallens strain analyzed, which cluster in syntenic regions from which genes core to the genus are largely excluded ( Figure S2H) . The E. columbae group is the exception, having undergone genome streamlining at multiple successive nodes (except for node 12, which led to the speciation of E. gallinarum and E. casseliflavus).
Genes gained (n = 23,232) or lost (n = 6,223) were operationally defined as niche-specifying genes (NSG) (Data S1). Most (63%) encode hypothetical proteins or proteins of unknown function. For 10,803 genes with ascribable putative functions, the greatest flux was in genes for carbohydrate utilization and its transcriptional control ( Figure 3B ). Of carbohydrate utilization genes in flux, most (62%) code for distinct phosphotransferase transporter systems (PTS). This was consistent throughout the tree, indicating that differences in carbohydrate utilization have been a common driver of species diversification since the emergence of the genus ( Figure S3 ). These differences supplement shared central metabolic carbohydrate utilization pathways (pentose phosphate shunt, glycolysis/gluconeogenesis, and Entner-Doudoroff pathway [missing in E. moraviensis, E. haemoperoxidus, and E. caccae] ) that allow utilization of glucose, fructose, galactose, and mannose by all species) (Table S4, tab 1). Enigmatically, although possessing the largest complement of annotated carbohydrate utilization genes, the E. pallens group ferment the fewest carbohydrates under the conditions tested ( Figure S4A ), suggesting their substrates (e.g., complex polysaccharides) are not those typically fermented and tested or that their novel carbohydrate utilization pathways are tightly regulated in ways not currently understood. Large gains and losses of genes associated with amino acid uptake and metabolism were also observed among genes in flux (12% of 10,803 annotated NSG), further supporting nutrient availability as a main driver of speciation ( Figure S3 ).
Host Association and Adaptation
Because of the emergence of enterococci as hospital pathogens, we closely examined the patterns of gene gain and loss in the evolution of M. plutonius into an overt pathogen from its common ancestor with the most widespread generalist, E. faecalis. In becoming a pathogen, M. plutonius lost 46 PTS transporters and enzymes involved in the utilization of carbohydrates and also lost 50 genes for the biosynthesis of all amino acids except alanine, serine, and glutamine ( Figure S3 ; Data S1), many of which occur in predicted pathways (Paulsen M. plutonius also acquired a pathway for the biosynthesis of a high-mannose N-linked glycan, a trait rare among eubacteria and likely to result in modification of its cell surface ( Figure 4B ), possibly in a manner associated with pathogenesis (Nothaft and Szymanski, 2010) . This pattern of genome reduction contrasts sharply with the recent accretion of mobile elements and resulting genome expansion by >25% of E. faecalis to become hospital pathogens (Paulsen et al., 2003) .
In the process of becoming a widespread generalist, E. faecalis gained 335 genes in diverging from M. plutonius. A trait unique among enterococci, gained by E. faecalis after the split with M. plutonius, is the ability to metabolize uric acid ( Figure 4C ), a plentiful source of carbon and nitrogen, in the gut of insects and other uricotelic animals (Bursell, 1967) (Figures S4B and S4C) . Relevant to pathogenesis, uric acid metabolism was recently shown to enhance biofilm formation by E. faecalis, requiring a selenium-dependent molybdoenzyme, xanthine dehydrogenase (EF2570) and a selenophosphate synthetase, selD (EF2567) for this activity (Srivastava et al., 2011) . To identify genes involved in this pathway and determine when they were gained, we constructed ( Figure S4D ) and screened 9,120 mutants in a transposon insertion library for loss of the ability to generate the pH increase from ammonia liberation from uric acid. As for the utilization of novel carbohydrates, the results of the screen indicate that the enabling event appears to stem from the gain of a unique transporter by node 4 (EF3277), which connects to pathways gained earlier and evident at node 3, including four genes predicted to code for selenium metabolism to provide the necessary cofactor (Srivastava et al., 2011) for xanthine dehydrogenase (EF2570) ( Figure S4E ).
The effect of uric acid in promoting biofilm formation had been suggested to confer increased pathogenicity to E. faecalis (Srivastava et al., 2011) , but the gain of this capability appears to predate its evolution into a hospital pathogen as uric acid metabolism occurs in commensal OG1RF as well. It was therefore of interest to determine whether the ability to metabolize uric acid confers a more general advantage in the gut of a uricotelic host. The fitness of two different uric acid metabolism mutants was compared to the wild-type E. faecalis parent in the GI tract of G. mellonella larvae ( Figures S4F and S4G ). Wild-type E. faecalis exhibited a significant (p < 0.05) colonization advantage over either mutant tested. No difference was observed in BHI, which served as a control for general growth defects in the mutants ( Figure 4D ).
To further associate specific enterococcal genes with host adaptation, the genomes of E. columbae and E. cecorum-species with strong host associations-were compared. E. columbae colonizes pigeons (Baele et al., 2002) , whereas E. cecorum is found in a variety of birds (Aarestrup et al., 2002) . In adapting to pigeons, E. columbae gained 35 genes related to carbohydrate uptake and utilization ( Figures S3A, 4E , and 4F), which is consistent with carbohydrate metabolism driving speciation. E. columbae (but not E. cecorum) metabolizes plant sugar alcohols, pectin, all carbohydrates forming rhamnogalacturonan I (RG-I; a core constituent of plant cell walls and mucilage) (Yapo, 2011) , and also carbohydrates abundant on the surface of eukaryotic cells ( Figure 4E ). This correlates with the restricted diet of Columbidea birds, which feed exclusively on plantderived material and produce and feed their young ''crop milk''-a mixture of desquamated epithelial cells and fermentation products of the adult diet (Podulka, 2004) . E. columbae also acquired 40 genes for flagellar assembly and chemotaxis, which may relate to novel aspects of this vertical transmission to offspring.
Origins of the Enterococci
To gain insight into ecological relationships between all other enterococcal species where definitive hosts information is much more limited and to quantify the divergence distance between species, we calculated (1) the fraction of genes shared between each genome pair, and (2) the average nucleotide identity (ANI) between those shared genes ( Figures 5A and S5 ). Pairwise analysis allows the maximum number of genes to be included in calculating distance (Konstantinidis and Tiedje, 2005) . Shared gene content identifies similarities in the ecologies occupied.
ANI divergence between each Enterococcus species and an outgroup member (Lactococcus, Vagococcus, or Carnobacterium) , forms a distinct cloud on the scatterplot to the left (i.e., ANI <63%) of that formed by all intra-Enterococcus species comparisons (Figures 5A and S5) verifying their positions outside the Enterococcus genus. In contrast, all pairwise comparisons between established Enterococcus spp. and either M. plutonius or T. halophilus, fell completely within the intra-genus cloud, again arguing for their inclusion among the enterococci.
Bacterial evolution is calibrated using, as a first approximation, molecular clocks, and because of uncertainty in those clocks, refinement based on concordance with the fossil record and other information (Ochman et al., 1999) . We adapted molecular clocks previously established for estimating the divergence of features gained by M. plutonius: restriction system type I and type III (Rm-1, Rm-3); high mannose N-linked glycan biosynthesis (Poly N-Man); oxidative phosphorylation (Ox-P). (C) Representative results of pH-based phenotypic screen for uric acid metabolism (color change to yellow indicates acidification, color change to red indicates uric acid metabolism by alkalinity from ammonia release). Typical result for E. faecalis or other enterococcal species (Ent. spp.) when provided no carbon source, uric acid (UA) only, or glucose (Glu) and uric acid as indicated (TnUA, representative result for each of the E. faecalis insertion mutants lacking the ability to produce NH 4 + in the presence of urate). E. coli from Salmonella typhimurium or the Vibrio group (Ochman and Wilson, 1987) and for estimating the time of divergence with the genus Aeromonas (Loré n et al., 2014). These clocks were chosen because they were established for microbes associated with host guts that possess generation times similar to that of enterococci. To translate these clocks, which were based on 16S rDNA and multilocus sequence comparisons, to ANI values, we calculated the corresponding mean ANI values between species used to establish those clocks: (1) three strains of E. coli compared to three strains of S. typhimurium, (2) three strains of E. coli compared to Vibrio cholerae, Vibrio parahaemolyticus, and Vibrio fischeri, and (3) three strains of Aeromonas hydrophila compared to Aeromonas salmonicida, A. media, and A. bivalvium ( Figure 5B ). Next, to calculate a single, maximally precise genetic distance for each extant Enterococcus species from each node of speciation, we calculated the mean ANI value (mANI) for all species that connect to a given node in the phylogenetic tree (Table S6 ). The small SD of this mANI value shows that the divergence rate for various enterococcal species is relatively constant. This approach places the origin of the Enterococcus genus around 500 mya (+/À130.5 mya; at an arbitrary midpoint between the last common ancestor shared with outgroup species and the first bifurcation within the Enterococcus genus) (Figure 5B) , in broad agreement with theoretical deduction (Van Tyne and Gilmore, 2014) . Noticeably, subsequent radiations of enterococcal species occur in two distinct waves, separated by a clear gap between ANI values of 69% and 73% (Figures 5A and 5B) .
To generate a model on the origins of enterococci that reconciles this molecular clock estimation with the fossil record of their hosts and current distribution, we took the following into consideration: (1) enterococci are common among terrestrial life and comparatively rare in aquatic animals, which suggests that life on land fostered their proliferation and diversification; and (2) desiccation and starvation resistance, which distinguish the enterococci from more commonly marine ancestral Vagococcus and Carnobacterium, appear to be a trait common to the original Enterococcus and now shared by members of both branches from the initial bifurcation of species within the genus. The earliest fossil record of terrestrialization by animals possessing a gut consortium is that of arthropods in the middle of the Silurian period, $425 mya (Benton et al., 2010) . Molecular analysis suggests that arthropods may have colonized land earlier, in the late Cambrian to early Ordovician (510-471 mya) (Rota-Stabelli et al., 2013) . Placing the earliest origin of enterococci to coincide with the most conservative estimate of terrestrialization 425 mya, based on fossil records, requires leftward compression in molecular clock estimation that is still within its estimated error ( Figure 5C ).
DISCUSSION
The 16S rDNA-based tree of life shows that enterococci emerged from among Vagococcus-like progenitors, which arose from the Carnobacteriaceae ( Figure S1B ). Many Carnobacteriaceae are psychrophiles associated with marine environments and ice (Collins et al., 1987; Nicholson et al., 2013) . One species, Figure 1B phylogenetic tree) and the horizontal blue bar represents the last common ancestor (LCA) with an outgroup species. (C) Fossil record-corrected version of (B) with theoretical origin of Enterococcus genus (i.e., after divergence from LCA with outgroup genus and before first Enterococcus speciation event) anchored to the initial terrestrialization of animals 425 mya (vertical gray line). See also Figure S5 and Table S6 .
Carnobacterium pleistocenium, was revived from $32,000-yearold permafrost (Pikuta et al., 2005) . Another species, Carnobacterium funditum sp. nov., was isolated from the frigid anoxic waters of Ace Lake Antarctica (Franzmann et al., 1991) . Vagococci diverged from carnobacteria and remain generally associated with marine animals (Michel et al., 2007; Svanevik and Lunestad, 2011; Buller, 2014) . Prior to this work, no Vagococcus genome had been sequenced, so we determined the genome sequence for V. lutrea strain LBD1, a strain we isolated from the gut of a line-caught largemouth bass (Lebreton et al., 2013b) .
Unlike C. maltaromaticum, V. lutrea is capable of growing on bile esculin azide agar ( Figure S2F) . However, C. pleistocenium is capable of growing in the presence of 5% NaCl and fermenting esculin (Pikuta et al., 2005) , traits preserved in the enterococci ( Figure 2D) . It therefore appears that the ability to thrive in saline marine habitats predates the branching of vagococci from carnobacteria, and the ability to colonize ecologies with high levels of bile was established in the vagococci. The divergence from ancestral species with reduced genomes (Lebreton et al., 2013b; Leisner et al., 2012) indicates a heritage of obligate association with other organisms in a food web, either in marine sediments, or possibly in bile-secreting hosts in marine habitats, potentially extending back to survival in ancient ice.
We now know that over the past 15 million years, gut microbes cospeciated with hominid hosts (Moeller et al., 2016) . This appears to be true on a much longer timescale, in that enterococcal speciation also parallels radiation of hosts, with the ability to utilize new carbohydrate sources among the main drivers of speciation (Figures 3 and 4) . Carbohydrate-driven enterococcal speciation is ongoing. In studying the origins of multidrug resistant hospital strains, we previously noted a split within the species E. faecium, at about the time of human urbanization, that separates commensal human strains from those of agricultural animals (from which hospital adapted lineages derive), by a distance that approximates species level distinction (Lebreton et al., 2013a; Palmer et al., 2012) . Importantly, the largest blocks of difference between the genes of human commensal strains and the animal/hospital clade are operons for carbohydrate uptake and utilization (Lebreton et al., 2013a) .
Rooting the emergence of enterococci commensurate with terrestrialization, conservatively $425 mya ( Figure 5C ), has an interesting effect on the timing of nodes of divergence within the genus. Following a time of stability, reflected by a gap in new speciation, a prominent second wave of enterococcal species radiations begins at the precise time of a second wave of land animal radiation-immediately following the End Permian Extinction, 251 mya (Benton and Twitchett, 2003) (Figure 6 ). Placing the origin of the enterococci at about the time of animal terrestrialization has the effect of making diversification of enterococci highly congruent with the diversification of their terrestrial hosts (Figure 6 ), a prospect strongly supported by the findings of gene flux analysis (Figures 3  and 4 ). Although this model is coherent with current knowledge, specific unknowns, including exactly when the first Enterococcus emerged and ongoing debate about the precise timing of terrestrialization of animals, remain as possible sources of error.
All of the above observations are consistent with a model that places the emergence and proliferation of enterococci in parallel with the terrestrialization and proliferation of their hosts. From aquatic animals, excreted gut flora emerge into the comparatively hospitable waterborne community (Venter et al., 2004 ) and settle to join complex microbial populations in food webs in sediments on the seafloor (Azam and Malfatti, 2007) . Upon terrestrialization, for the first time, excreted microorganisms would experience comparative isolation, starvation, desiccation, and possibly extinction. Enterococci are among the most persistent microbes of land animal excreta (Sinton et al., 2007) and are well equipped to deal with that challenge ( Figure 2E ).
Although difficult to prove, the cumulative data are consistent with a model proposing the emergence of enterococci from ancestors well-suited to existence in food webs in sediments (Krumins et al., 2013) , including those of icy marine environments and in marine animal guts into which bile and other host factors that shape the community are secreted. The abundance of psychrophiles among carnobacteria would be consistent with their survival of the global freezes that predate the Cambrian Explosion (Hoffman and Schrag, 2000) . The resistance of vagococci to bile ( Figure S2F ), as well as relative sensitivity to desiccation and starvation ( Figure 2E ), would position them well to live within the marine animals that initially radiated during the Cambrian Explosion. The terrestrialization of animals required, for the first time, that gut flora adapt to cycles of isolation, starvation, and desiccation until they re-enter the food chain. Enterococci are distinguished from their ancestors and appear to have been selected for, by virtue of having developed a hardened cell wall (Figure 2 ) and the ability to cope with environmental stress (Figure 2E )-traits that now render them resistant to denaturing solvents, disinfectants, and intrinsically, to many antibiotics (Figure 2D) . These are exactly the traits that enable them to persist in the modern hospital environment (Van Tyne and Gilmore, 2014) . Thus, the emergence of enterococci as leading hospital pathogens appears to have been foreordained by events of at least 425 mya. The timing of nodes divergence was calculated by mANI analysis (Figure 5A ), using a bacterial molecular clock ( Figure 5B ) refined by correlation with fossil records ( Figure 5C ), conservatively rooting the theoretical emergence of Enterococcus to the terrestrialization of animals by 425 mya. Enterococcal diversity (left, y axis and tan area) represents the cumulative number of enterococcal lineages through time. Land animal diversity, computed from fossil records (right, y axis and gray area), shows fluctuation in number of animal families over the same timescale. The position of animal classes on the timescale indicates periods of evolutionary radiations.
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REAGENT or RESOURCE SOURCE IDENTIFIER
E. caccae BAA-1240 GenBank ASVV00000000
E. dispar ATCC51266 GenBank ASWK00000000
E. asini ATCC700915 GenBank ASVU00000000
E. cecorum ATCC43198 GenBank ASWI00000000
E. columbae ATCC51263 GenBank ASWJ00000000
E. sulfureus ATCC49903 GenBank ASWO00000000
E. saccharolyticus ATCC43076 GenBank ASWN00000000
E. pallens BAA-351 GenBank ASWD00000000
E. gilvus BAA-350 GenBank ASWH00000000
E. avium ATCC14025 GenBank ASWL00000000
E. raffinosus ATCC49464 GenBank ASWF00000000
E. malodoratus ATCC43197 GenBank ASWA00000000
E. phoeniculicola BAA-41 GenBank ASWE00000000
E. mundtii ATCC882 GenBank ASWC00000000
E. durans ATCC6056 GenBank ASWM00000000
E. hirae ATCC8043 GenBank ASVZ00000000
E. villorum ATCC70091 GenBank ASWG00000000 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Collection of bacterial strains Bacterial strains and genome sequences used in this study (Table S1) were obtained from the ATCC bacteriology collection, and other sources (Borgo et al., 2013; Bourgogne et al., 2008; Lam et al., 2012; Lebreton et al., 2013a Lebreton et al., , 2013b Leisner et al., 2012; Okumura et al., 2011; Palmer et al., 2012; Paulsen et al., 2003) as indicated in the Key Resources Table. All strains were routinely grown in brain heart infusion (BHI) at 37C unless noted otherwise, and stored frozen at À80 C in BHI supplemented with 20% glycerol.
Model of colonization for the Galleria mellonella larvae Galleria mellonella larvae of homogeneous size (250-300 mg) and similar development stage (absence of gray marking in the cuticle) were selected from those obtained from a commercial provider (Petco, Cambridge -MA). G. mellonella larvae were then housed in plastic Petri dishes (5 larvae per plate) containing 10 g of pollen (YS Eco Bee Farms) for up to 8 days. Colonization of Galleria larvae by wild-type E. faecalis MMH594, or the indicated mariner insertion mutants, was performed as indicated in the Method Details section.
METHOD DETAILS
Illumina and PacBio genome sequencing Following overnight culture in BHI broth, total DNA was isolated using the QIAGEN DNeasy Blood & Tissue Kit and quantified using the Qubit dsDNA HS assay. Genome sequences determined in this study were generated using both Illumina and Pacific Biosciences (PacBio) technology. PacBio libraries were generated following the manufacturer's recommendations (Procedure and Checklist -20 kb Template Preparation Using BluePippin Size-Selection v1 and Guidelines for Preparing Size-Selected $20kb SMRTbell Templates v1), using the DNA Template Prep Kit 2.0 (3Kb -10Kb) with the following modifications. For each sample, 10 mg of genomic DNA was sheared using Covaris G-tubes at 4800 RPMs. Due to the low shearing size, DNA fragments were purified, DNA damage was end-repaired, and fragments were ligated with SMRTbell sequencing adapters following the manufacturer's recommendations (Procedure & Checklist -2 kb Template Preparation and Sequencing v13). SMRTbell sequencing libraries were combined with sequencing primer and polymerase using DNA/Polymerase Binding Kit 2.0 and v2.0.1.2 Sample Prep Calculator. The resulting complex was subjected to PacBio sequencing followed by primary data analysis (version 2 chemistry and 2.0.1 analysis software) on a PacBio-RS instrument and following manufacturer's recommendations. For Illumina sequencing, both jumping libraries and 180bp paired fragment libraries were prepared using commercial kits (Kapa Biosystems) as previously described (Lebreton et al., 2013a) Genome assembly and annotation ALLPATHS-LG assembly was run using default parameters, except that the BIG_MAP option was set to ''True,'' to take advantage of longer PacBio sequence reads. Statistics from the ALLPATHS-LG hybrid assemblies for all sequenced strains are shown in Table S1 . NCBI accession numbers for each genome are listed in Table S1 . The genomes of previously sequenced and published Enterococcus, Melissococcus, Tetragenococcus, Vagococcus, Carnobacterium or Lactobacillus species included in our phylogenetic analysis were downloaded from GenBank, bringing the total number of genomes included in the analysis to 32 (Table S1 ). To assure consistency and to reduce artifacts among the genomes being analyzed, all genomes, including those from GenBank, were annotated or re-annotated in uniform manner using the Broad Institute's prokaryotic pipeline, with the Enterococcus-specific approach having been described previously (Lebreton et al., 2013a) . Briefly, protein-coding genes were predicted with Prodigal (Hyatt et al., 2010) , and were filtered to remove genes with > = 70% overlap to tRNAs or rRNAs. Gene product names were assigned based on top BLAST hits against the SwissProt protein database (> = 70% identity and > = 70% query coverage), and protein family profiles were searched against TIGRfam hmmer equivalogs. Additional annotation analyses performed include PFAM, KEGG, and EC. Finally, to investigate the genomic diversity of the different enterococcal species, orthologous genes were identified in all 32 genomes using Synergy2 (https://sourceforge.net/projects/synergytwo/). Orthogroups contain orthologs, which are vertically inherited genes that likely have the same function, and also possibly paralogs, which are duplicated genes that may have different function. There were 526 single copy core orthogroups across our set of 32 strains. The presence of bacterial immunity (i.e. CRISPR/cas and restriction-modification systems), drug resistance, and prophages was determined using available online tools (CRISPRfinder: http://crispr. i2bc.paris-saclay.fr; ResFinder: https://cge.cbs.dtu.dk/services/ResFinder/; Phast: http://phast.wishartlab.com/).
Reconstruction of metabolic pathways
Pathway, and gene enrichment analysis within gene lists were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID, v6.7, https://david-d.ncifcrf.gov//). Uniprot Accession numbers were entered to create working gene lists that were analyzed with the KEGG and GOTERM_BP_FAT functions. Results were viewed using DAVID's Functional Annotation Clustering method. Visualization and representation of pathways and gene functions, were performed by searching the KEGG Pathway Map and Brite hierarchy functions (Kanehisa and Goto, 2000) using preexisting metabolic pathway maps for strains E. faecalis V583 and M. plutonius ATCC 35311.
Phylogenetic tree and gene flow by phylogenetic analysis using parsimony The phylogenetic tree of the Enterococcus genus was constructed by applying RAxML (Stamatakis, 2006) to a concatenated alignment of single-copy core orthogroups across all organisms (length 487713 bp). Then 1000 bootstrap iterations were calculated using RAxML's rapid bootstrapping algorithm (Table S6) . A phylogenetic analysis using parsimony was performed to reconstruct gene flows throughout the evolution of the Enterococcus genus. Evolutionary gain and loss events for each gene were assigned to positions (nodes) on the SNP based Enterococcus phylogenetic tree by parsimony, or minimization of the number of gain/loss events, using PAUP Version 3.1 (Swofford, 2001) . This allowed us to estimate at which points and times in the evolution of the genus each individual gene arose, or was lost, providing a probabilistic view of the genes occurring at each stage of evolution. For a given node, gene gain/loss may represent independent events that similarly arose since divergence from the LCA, and before the next speciation (Data S1).
16S rDNA sequence identification in microbiome samples Fastq files of SRA records generated by Illumina based sequencing were downloaded in October 2016, using NCBI's SRA toolkit v2.8.0 (http://trace.ncbi.nlm.nih.gov/Traces/sra). When available, the bioprojects were chosen to sample wild animals from various classes of land or marine ecologies. Of necessity because of the low number of wild samples and despite the potential for contamination with microbes from land, data from freshwater and farm-raised fish microbiota were included to obtain a satisfactory sample size and diversity. The standard UPARSE pipeline (Edgar, 2013 ) was used to cluster sequences into operational taxonomic units (OTUs) and assign taxonomy. Sequences were first filtered using fastq, with a fastq_maxee parameter of 1.0. Then, filtered sequences were de-replicated and clustered using cluster_otus. Singleton clusters were removed. Taxonomy was assigned to OTUs using the utax algorithm and RDP training set v15, with confidence values for 250 nt length sequences. An OTU table was generated using the usearch_global command, with a sequence identity cutoff of 99%. The presence of Enterococcus or Vagococcus was determined uniformly for each genus: at least one OTU had to be assigned with a minimum confidence value of 0.4. If a sample did not contain any of the genera, it was removed from further analysis. Comparison of presence/absence between environments was performed using Fisher's Exact or Chi-Square Tests for large sample size (Table S3) .
Average Nucleotide Identity and temporal calibration
Orthogroups were used to determine shared gene content in pairwise genome comparisons. For a genome pair (genome A versus genome B), the total number of genes in genome A was determined, and then the number of those shared with genome B (based on shared ortholog group membership) was deduced. Percent shared gene content was calculated by dividing the number of genes common to genomes A and B by the total number of genes in genome A. To calculate percent average nucleotide identity (ANI), shared genes were aligned and the number of identical and different nucleotides determined. Percent ANI was calculated by dividing the number of identical nucleotides in shared genes by the total number of nucleotides. For each node, the mean average nucleotide identity (mANI), and standard deviation, was calculated by averaging the ANI values of species pairs clustering separately on the daughter branches of each node. As an example, mANI of Figure 1B (Table S6) . Temporal calibration of the enterococcal ANI values was made by calculating the ANI between genomes of species employed in previous studies which dated divergence using previously only 16S rDNA sequence (the divergence of Escherichia coli and Salmonella typhimurium, estimated 120 -160 million years ago, and E. coli and Vibrio spp. 350 -450 MYA [Ochman and Wilson, 1987] ) or by multilocus sequence comparison (various Aeromonas species from each other 167 and 202 MYA [Loré n et al., 2014] ). The following genome sequences were downloaded from GenBank: A) E. coli genomes NC_000913, NC_002695 and NC_022648), which were compared to three genomes of S. typhimurium (NZ_CP014358, NZ_CP007804 and NZ_CP014356), resulting in an average ANI value of 81.2 ± 0.2%; B) Vibrio species genomes NZ_CGHE00000000, NZ_AWNF00000000 and NZ_AHIH00000000, which were compared to the same 3 E. coli genomes generating an average ANI of 68.0 ± 1.9%; and C) Aeromonas hydrophila genomes NZ_CP013178, NZ_CP013965 and NZ_CP011100 which were compared to genome sequences for Aeromonas salmonicida, A. media and A. bivalvium (NZ_AGVO00000000, NZ_CP007567 and NZ_CDDA00000000), which generated an average ANI of 78.9 ± 0.8%.
Phenotype assessment
Ability to grow on commercially available enterococcal selective media (Enterococcosel agar, BBL) and BBL CHROMagar orientation media was investigated at 30 C or 37 C for 24h. All enterococcal species (with the exception of T. halophilus and E. italicus, for which we only possessed corresponding genome sequences) were grown on BUG+B agar plates at 30 C and analyzed by Biolog Phenotype Microarray (PM 1,2 and 9-20, inoculating fluids IF0a GN/GP and IF-10b GN/GP). Rather than using the manufacturer's redox dye readout, optical density at 590 nm (OD 590 ) was monitored hourly for 24 hr, using a Synergy 2 microplate reader (Bio-Tek). Growth was quantified by measuring the area under the curve (AUC), which was calculated by summing individual OD 590 values of each well. For the carbon metabolic profiles, an AUC with a value higher than 3.0 (compared to 2.53 ± 0.34 for the negative control well) was considered positive growth. For the identification of phenotypes shared by Enterococcus spp. but distinct from the outgroup species, we averaged the AUC values for each of 1344 conditions measured for every Enterococcus spp., and compared that to the corresponding average AUC of the outgroup species ( Figure S2E) . Those conditions for which the AUC ratio was < 0.5, or > 2 were considered of possible biological relevance, and assessed by Mann-Whitney U test for statistical significance (Table S5) .
To investigate resistance to desiccation and starvation for enterococcal and outgroup strains, we collected and included two additional strains to add to the genome-sequenced outgroup strains. Unlike V.lutrae LBD1 which was isolated from the intestine of a wild largemouth bass (Lebreton et al., 2013b) , Vagococcus fluvialis strain DIV0098 was isolated from sediment sample collected in a salt water fish tank at the New England Aquarium and was identified by 16S sequence analysis (99.3% identity with V. fluvialis). L. garviae strain DIV0709 (100% 16S identity with L. garviae) was isolated from a bivalve mollusk (Pteriomorphia) collected in the Cape Cod Bay in Massachusetts. Bacterial cells from overnight culture in BHI broth were washed twice and suspended in PBS to a final optical density of 1.0. For the starvation experiment, 200 mL of cell suspensions were distributed in a microtiter plate that was sealed with sterile aluminum films and incubated in the dark and at room temperature. CFU counts were monitored by track dilutions on BHI agar plates at T0 and after 10 days of incubation. Survival was calculated by normalizing the surviving cells with the inoculum size for each strain. For the desiccation experiments, 100 mL of cell suspensions were distributed in a 96 well microtater plate, the inoculum were determined by CFU counts and plates were air-dried during 4 hr inside a laminar flow hood at room temperature. After 5 days of incubation in the dark, at room temperature and with a relative humidity ranging from 35 to 45%, CFU counts were monitored and percentage of survival were calculated as described above. Experiments were performed in three independent replicates for each strains and the average value was compared to other species. Statistical significance was estimated using Student's t test.
Fossil and phylogenetic data
Fossil occurrence data were downloaded from the most recent version of the Paleobiology Database (https://www.paleobiodb.org) by selecting the 'family level', 'order level', and 'geological epochs' options (last accessed February 25th, 2016). A total of 1,284,138 fossil occurrences (representing 8172 families and 60264 genera) were downloaded, and the data were curated by checking for synonyms among all taxa. Diversity of land animals was calculated using the ''range through'' method, which assumes that a family was present in all time intervals between its first and last appearance, even if not directly sampled at intervening points.
Quantitative term analysis to identify natural host associations and ecologies NCBI PubMed and Web of Science databases (last accessed 08/2016) were searched using the string ''(((((enterococcus <species>) AND <ecology>) NOT infection) NOT virulence) NOT pathogenesis),'' and results were compiled (Table S2) . Host-Enterococcus associations were assigned when at least two different publications were identified. Host associations are indicated by icons included in Figure 1 .
Construction of transposon insertion mutant library in E. faecalis MMH594
A tetracycline resistance version (named pZXL5Tet) of the nisin-inducible mariner transposon harbored by delivery vector pZXL5 (Zhang et al., 2012) was generated by replacing its gentamicin resistance cassette with the tetracycline resistance gene of p3Tet (Hancock and Perego, 2004) . Specifically, the PCR amplified tetracycline resistance gene was cloned into pZXL5 between the PstI and KpnI sites in the transposable element. This generated a tetracycline resistance gene suitable for selection of insertion mutants in the high-level aminoglycoside resistant E. faecalis MMH594 strain. For generation of a mutant library, the resulting modified transposon delivery vector was transformed into E. faecalis MMH594 strain as described (Shepard and Gilmore, 1995) . Tetracyclineresistant electrotransformants were grown overnight at the permissive temperature of 28 C in BHI supplemented with 5 mg/mL tetracycline and 10 mg/mL chloramphenicol (to select for the delivery vector). Then, 100 ml of this overnight culture was used to inoculate 100 mL of BHI pre-warmed to the non-permissive temperature of 37 C, and supplemented with 5 mg/mL tetracycline as well as 25 ng/mL nisin (to induce the expression of the mariner transposase and, thus, transposition of the element), and grown overnight with shaking at 150 rpm. To deplete cells of the plasmid backbone, 100 ml of this culture was transferred to 100 mL of fresh prewarmed BHI broth supplemented with 5 mg/mL tetracycline, and cultured overnight without nisin. Cells were collected by centrifugation, resuspended in 20 mL BHI containing 20% glycerol, divided into 2 mL aliquots and frozen at À80
C (MMH594 Transposon library, as listed in the Key Resources Table) .
Sequencing and determination of the complexity of the mutant pool was performed using commercially available kits (Terminal deoxylnucleotidyl Transferase [Promega], Easy-A High fidelity PCR enzyme [Agilent] and Performa spin columns [EdgeBio]) as previously described (Valentino et al., 2014) ). Sequencing was performed on two separate replicates that were multiplexed and sequenced in parallel for 51 cycles in a single end sequencing reaction on a single lane of an Illumina HiSeq 2000 (Broad Institute) using a custom sequencing and standard Illumina index sequencing primers (sequences of primers pZXL5Tet TnSeq1, olj511, olj512 and olj373 are available in the Key Resources Table) . Mapping of transposon-genome junction sequence reads to the MMH594 (https://olive.broadinstitute.org/strains/ente_faec_b594.2) genome was carried out utilizing custom scripts and programs on the Tufts University Galaxy server as described (Valentino et al., 2014) . Following removal of adaptor and transposon sequence, genomic sequences with a minimum read length of 25 nucleotides were aligned to the E. faecalis MMH594 genome using bowtie with its default settings. The resulting bowtie output file was then used as input for a custom script named ''hopcount.'' Hopcount tabulates the number of times individual insertion amplicons were re-sequenced. An excel spreadsheet was generated that indicates, for each insertion site, its position within the genome, the gene locus to which that position maps, the strand (positive versus negative) associated with the site, as well as the number of each amplicon species read. Hopcount output was used to determine the complexity of the MMH594 transposon library ( Figure S4D ), which identified 60009 unique transposon insertions in the MMH594 pool, which were evenly distributed throughout the 3.2 Mb genome.
Uric acid metabolism by E. faecalis A carbon limited M9 (1X, Amresco) broth supplemented with 0.06% yeast extract (Difco) was used to investigate uric acid metabolism. Anaerobic growth of E. faecalis was monitored by optical density (OD) at 590 nm following up to 96 hr incubation at 37 C, in the presence or absence of added glucose (0.5% w/v) or uric acid (0.2% w/v) ( Figure S4B ). Uric acid (Alfa Aesar) was solubilized as 2% solution in 0.5 N NaOH and added to the medium, which was neutralized to pH 7.2 prior to inoculation. Uric acid was measured spectrophotometrically by change in absorbance at 292 nm before and after treatment with porcine liver uricase (Sigma -U9375). NH 4 + was determined enzymatically by NH 4 + -dependent oxidation of NADPH (measured by absorbance at 340 nm) by beef liver glutamate dehydrogenase (Sigma -AA0100). Uric acid and NH 4 + in growth media were assayed after removal of cells by centrifugation. All measurements were performed in triplicate and mean values and standard errors are shown ( Figure S4C ).
To screen enterococcal species and 9120 arrayed mutants from the E. faecalis MMH594 transposon library, 300 mL agar plugs were prepared in 96 microtiter plates using a medium consisting of: 1% tryptone (Difco); 0.5% yeast extract (Difco); 0.05% glucose; 0.0012% phenol red, and 1.5% agar; pH 7.2; with or without 0.2% (w/v) of uric acid (Mead, 1974) . The agar plugs were inoculated from 37 C overnight cultures in BHI, with a central puncture by a 96 pin replicator. Plates were incubated anaerobically at 37 C for up to 4 days, and color change for the metabolism of glucose (acidification to pH = 5.1, yellow coloration after 24 hr at 37 C) and for the metabolism of uric acid (alkalinization to pH = 9.2, red coloration after 48 to 72h at 37 C) was monitored. Inverse PCR was performed on all E. faecalis MMH594 transposon insertion mutants unable to alkalinize the medium in the presence of urate, followed by nucleotide sequence determination from both ends, to identify the site of insertion and the gene disrupted by the transposon. We identified insertions in genes EF1390, EF1613, EF2559 (6 distinct insertions), EF2562 (2 distinct insertions), EF2570 (2 distinct insertions), EF2578, EF2579 (two distinct insertions), EF2582, EF3046 and EF3277. The genomes of mutants UEF2559 and UEF2570, with centrally located insertions, were re-sequenced to confirm that transposon insertion was the only genetic difference with the WT strain prior to further phenotypic testing.
Model of colonization for the Galleria mellonella larvae
Prior to testing, G. mellonella from our supplier was found to be naturally colonized by E. faecalis ( Figure S4F ), when homogenized as previously described (Champion et al., 2009 ) and plated onto bile esculin azide agar (Enterococcosel, BBL). Because this indigenous E. faecalis strain was found to be sensitive to tetracycline, larvae were orally injected, at day one and day two, with 10 mL of tetracycline (100 mg/mL) ( Figure S4F ). Larvae were then allowed to feed on un-inoculated pollen for 24 hr prior to testing for decreases in natural enterococcal load ( Figure S4F ). Cells from overnight cultures of wild-type E. faecalis MMH594, or the indicated mariner insertion mutants, were collected by centrifugation and washed one time in PBS prior to resuspension in PBS and mixing with fresh bee pollen to obtain a final concentration of 5x10 7 CFU/g of pollen. G. mellonella larvae were then housed in plastic Petri dishes (5 larvae per plate) containing 10 g of the E. faecalis-pollen mix pollen for 8 days. Pollen was sampled periodically to insure equal presence of wild-type and mutant. Larvae were then moved into fresh Petri dishes with 10 g of un-inoculated pollen for 2 days. Following 10 days, 10 groups of 5 live larvae were washed (90 s in 70% EtOH), homogenized, and CFU counts were performed on either BEA (to detect residual indigenous E. faecalis), or BEA supplemented with 500 mg/mL of gentamicin to confirm the colonization with the high-level gentamicin resistant E. faecalis MMH594 ( Figure S4F ). To enumerate transposon insertion mutants, colonies were then tested on BEA supplemented with 5 mg/ml tetracycline. As a negative control, an arbitrarily chosen transposon mutant possessing an insertion in ef1199 of no known relevance to uric acid production or gut colonization, and phenotypically shown to metabolize uric acid, was tested in competition with WT E. faecalis MMH594 and no difference was observed ( Figure S4G ).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean ± SEM unless otherwise indicated in figure legends. Sample number (n) indicates the number of independent biological samples in each experiment. Sample numbers and experimental repeats are indicated in figures and figure legends or Method Details section above. Data were analyzed using the two-sided nonparametric Mann-Whitney U test of the null hypothesis of continuous data unless otherwise indicated in figure legends or method details. Differences in means were considered statistically significant at p < 0.05. Significance levels are: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s., non-significant. Analyses were performed using the Graphpad Prism 7.0a software. 
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